In this paper, the local distribution of austenite grain size (AGS) was experimentally determined by conducting single round-oval and square-diamond pass hot bar rolling experiments of AISI4135 steel. The rolling experiments were carried out using the laboratory mill. The local distribution of AGS was also determined numerically. In order to predict AGS distribution, the AGS evolution model was combined with three dimensional non-isothermal finite element analyses by adopting a modified additivity rule. AGS evolution model was experimentally determined from hot torsion test according to Hodgson's model. The predicted results were in a reasonably good agreement with experimental results.
Introduction
Because of recent market need, steel with high strength is becoming more important in steel industry. It is well known that reducing ferrite grain size makes tensile strength higher and elevates the ductility at lower temperature. 1) General factors highly governing the ferrite grain size are cooling, austenite grain size, deformation temperature, and so on. Specially, reducing austenite grain size ensures the ferrite grain refinement. In this regard, prediction and control of recrystallized austenite grain size microstructure for improving mechanical properties of the final rolled products have been highly desired.
Therefore, many studies had been carried out in the field of modeling microstructural evolution after the pioneering work by Sellars et al. in the 1970s. [2] [3] [4] [5] [6] [7] In these works, microstructure evolution was described as a function of strain, strain rate, temperature, and initial grain size. Most of applications of these studies were concentrated on hot rolling of steel strip and plate. [4] [5] [6] [7] Recently, the prediction of microstructure in the bar rolling process was investigated. Lee et al. 8) proposed austenite grain size (AGS) evolution model for AISI4135 steel. Maccagno et al. 9) predicted grain size during rod rolling by spread-sheet modeling, and Lee et al. 10) predicted AGS by combining the AGS evolution model with analytical model of determining strain. But the process parameters used in these studies were approximate values obtained from geometrical simplification.
For realizing more exact prediction of AGS, it is required to calculate process parameter more exactly. One way of calculating local process parameters is the finite element (FE) analysis. Kwon et al. 11, 12) investigated the change of the AGS distribution in the bar rolling process of AISI1020 by combining the AGS evolution model proposed by Hodgson and Gibbs 13) with the FE analysis. Karhausen and Kopp 14) proposed a new simulation method that implemented material behavior. Moreover, Yanagimoto and coworkers proposed incremental formulation for the prediction of microstructure change and applied to hot bar rolling. 15, 16) In the present study the local AGS distribution for low speed bar rolling process of AISI4135 steel was investigated considering the thermal variation due to the contact between the workpiece and roll grooves. A single squarediamond (S-D) and round-oval (R-O) pass rolling experiment as shown in Fig. 1 was conducted using a two-high laboratory mill at the POSCO technical research laboratory. Afterwards local AGS distribution was measured using quenched specimens. The three-dimensional non-isothermal FE analysis in couple with the AGS evolution model derived by Hodgson and Zahiri at the Deakin University based on hot torsion tests has been made to quantitatively analyze the change of AGS distribution during the rolling and subsequent cooling.
For an accurate analysis of thermal response during the rolling and cooling, interface heat transfer coefficient (IHTC) between the workpiece and roll grooves was numerically determined based on the temperature history obtained from experiments. A modified additivity rule given by Kwon et al. 12) was employed to apply the AGS evolution model in numerical simulations for better AGS prediction. Finally, the predicted AGS distribution was compared with the experimentally measured one.
Experimental
A series of tests was conducted on a two-high laboratory mill at the POSCO technical research laboratory, which was driven by a 75 kW constant torque DC motor. The rolling experiments were conducted for single S-D and R-O passes. Ductile casting iron rolls of the maximum diameter of 310 mm were used and the rolling speed was set to be 34 rpm. AISI4135 steel was used as specimen and its chemical composition is given in Table 1 .
Thermo-mechanical Treatment
Rolling experiments were conducted using experimental devices given in Fig. 1 . The specimen was soaked at about 100°C above the desired rolling temperature for 60 min to ensure a homogenous temperature and uniform AGS distribution all over the specimen. Then, it was air-cooled to reach 1 000°C for the cooling time and was subjected to the rolling mill to be rolled with the diamond and oval grooves as shown in the lower side of Fig. 1 . The rolled specimen was water-quenched after the given interpass time (t ip ) on the supporting plate at the rear end of the rolling mill to freeze the austenite grain boundary.
Measurement of Temperature and AGS
The temperature measurements were carried out into three groups (group A, B, and C) as shown in Table 2 . The group A (A-1 and A-2) focused on measuring the overall temperature history at the center of the specimen to determine IHTC, which was used for the FE analysis. In the present investigation, only S-D pass was used for measuring such overall temperature history. For R-O pass, the IHTC value determined by Kwon et al. 12) was used for the present investigation. In this group, the time needed to reach a working temperature of 1 000°C from the reheating temperature of around 1 100°C from the furnace (cooling time) was also determined for the AGS measurement in the group B and C experiments.
In the group A, to measure the thermal history during rolling and interpass time, a thermocouple was embedded in the 70 mm deep hole drilled from the tail of the square bar specimen of 43 mm 2 and its total length of 255 mm as shown in Fig. 2 . During the whole measurements K-type thermocouples with the diameter of 4.6 mm were used. For each test, the data acquisition system (Yokokawa mobile view recorder-MV100) was used to capture the thermal data with minimum sampling time of 0.125 s. Figure 2 also shows a deformed specimen.
The successfully measured temperature data for the center point of the specimen in experiments (A-1, A-2) is shown in Fig. 3 . These data was used in determining the IHTC between the workpiece and roll grooves.
In the Fig. 3 , point A is the time when insertion of the thermocouple into the specimen was made. From point A to B, the temperature rapidly increased until reaching equilibrium temperature. Then, temperature decreased by convection and radiation to the air. When it reached point B (1 000°C), rolling began and temperature increased to point C (1 019°C) because of heat generation due to plastic work. After redistribution of the heat, temperature showed the steady cooling rates of 4.3°C/s. Then, the specimen showed the steady cooling rates of 30°C/s from point E by quenching. Quenching was actually conducted from the point D, but it took some time to have effect of quenching on the center of the specimen. Experiments in the group B (B-1, B-2, B-3, B-4, B-5, and B-6) were carried out for measuring the final AGS distribution in the specimen, which was rolled after the cooling time determined in the group A experiments. In this group experiment, thermal history was not monitored as mentioned earlier. For the group C, the initial AGS of the specimen was measured by quenching the specimen after the cooling time without rolling.
To investigate the austenite microstructure, the quenched rolled specimen was polished and etched with picric acid solution to capture the microstructure in the longitudinal section. Figures 4 and 5 show typical microstructure distributions at several points of the deformed specimen for the S-D and R-O passes, respectively. Interpass time used in the present study were 10 s for the S-D pass and 5 s for the R-O pass, respectively. In the S-D pass, the AGS was maximum (48 mm) at point 1 and minimum (37 mm) at point 5, respectively. In the R-O pass, the points near to the center of the specimen had a smaller AGS value than boundary points.
Numerical Prediction

Numerical Procedure for AGS Prediction
For numeral prediction of the AGS distribution during rolling and interpass time, three dimensional finite element analyses coupled with the AGS evolution model determined by Hodgson et al. 13) were used. Current FE analysis was carried out using CAMProll, 17, 18) which was developed based on the rigid-thermo-viscoplastic approach.
Specific numerical procedure is shown in Fig. 6 . The AGS at a given step was calculated using the AGS evolution model determined. AGS evolution model describes AGS as a function of strain, strain rate, temperature, and initial AGS. The effective strain and time-averaged mean effective strain rate were computed from the deformation analysis, respectively. The exit temperature and temperature history during the interpass time were given by conducting heat transfer analysis. The initial AGS was obtained from experiments. The specific values used in the present study were 81 mm for the S-D pass and 119 mm for the R-O pass, respectively. The AGS evolution model was developed at the Hodgson's laboratory of Deakin University by conducting isothermal hot torsion tests. To apply the isothermal data for the non-isothermal case, modified additivity rule introduced by Kwon et al. 12) was used in this study. The thermal history was discretized into a set of isothermal conditions. Then, AGS and recrystallization (RX) fraction were calculated for each step. The calculated RX fraction for the current step was used as input for the next step. Grain growth model was also adopted, when calculated recrystallization fraction was bigger than 0.95. Calculated AGS was used instead of the RX fraction for the next step.
AGS Evolution Model
In general, AGS evolution model describes the change in AGS by recrystallization and grain growth. During thermomechanical processing, grain is refined by recrystallization under the certain strain and temperature. Further grain growth may take place even in short interpass time, when recrystallization is completed.
Three dominant recrystallization processes have been proposed earlier: dynamic, static, meta-dynamic (post-dynamic). 19, 20) But recent work 21) has shown that once significant dynamic recrystallization follows a meta-dynamic recrystallization, which replaces the initial dynamically recrystallized grain. When strain value was less than the critical strain, the static recrystallization was triggered. If the critical strain was less than strain value, meta-dynamic recrystallization occurred. When the grain was fully recrystallized, subsequent grain growth determined the final grain size. In contrast, if the partial recrystallization occurred, the average grain size could be finally calculated by the law of mixture in this AGS evolution model used. So, in this study only static recrystallization, meta-dynamic recrystallization, and grain growth were considered as a mechanism of AGS change. Detailed AGS evolution model used in present study is summarized in Table 3 .
Deformation Analysis
To check the accuracy of the current FE analysis for the non-isothermal case, the measured workpiece geometry is compared with the FE analysis result as illustrated in Fig. 7 . The measured workpiece geometry was clearly in good agreement with the FE analysis result. Input condition used for the FE analysis is given in Table 4 . The friction behavior between rolls and the workpiece was modeled using constant shear friction model with friction factor of 0.8. For the material modeling, the equation reported by Shida 22) was used.
Heat Transfer Analysis
Heat transfer analysis was done under the condition of constant roll temperature (333.15 K) according to the previous work.
18) Based on the work by Farren and Taylor, 23 ) the heat generation due to the plastic work was taken into account by assuming 90 % of the plastic work was transformed to heat generation. Heat generation from the frictional work was also assumed that half of the frictional work was transferred into the workpiece. During rolling, the workpiece is in contact with the roll. Thus another half of the frictional work was assumed to be transferred to the roll. The initial temperature distribution in the workpiece was assumed to be uniform.
During rolling and subsequent cooling specimen loses heat to environment due to heat transfer. During rolling, heat transfer through the work roll is dominant in determin- ing the temperature of the specimen. The amount of local chilling of the specimen was determined by introducing IHTC in the present investigation. After rolling, heat capacity of the material and the convection heat transfer coefficient and the emissivity play a major role in determining the temperature distribution in the workpiece. Several heat transfer coefficients and thermal properties determined by following the earlier work by Kwon et al. 12) are given in Table 5 .
As shown in Fig. 8 , the IHTC for the S-D pass rolling of AISI4135 was determined as 72 000 W/m 2 K by comparing measured thermal history with FE analysis results. For the R-O pass rolling, 24 000 W/m 2 K was used for IHTC by earlier work of Kwon et al. 12) By applying this value for the FE analysis, the temperature history was obtained reasonably although there is some discrepancy in the earlier stage of rolling within 5 s. Refer to the work of Devadas et al., 24) this discrepancy might be due to the assumption that the IHTC was constant.
Results and Discussion
FE Analysis Result
For better understanding of AGS distribution, local distributions of major parameters governing the AGS value are given in Fig. 9 . For the S-D pass, strain was maximum in the upper region (0.82) and minimum in the right region (0.29). Strain rate values had almost the same contour like strain values. In the case of temperature at the roll exit, minimum value (636°C) was in the upper region and the maximum value (1 019°C) was in the mid region between the center of the specimen and the region of minimum. For the R-O pass, the maximum of three parameters was in the center region. Minimum of strain and strain rate was on the right region, but minimum of roll exit temperature was on the upper region. From the above observation, it is clear that the distribution of strain and strain rate were highly dependent on its own roll geometry. But temperature at the roll exit has similar distribution between two passes except for the position of maximum since roll contact was dominant mechanism that determined the temperature distribution at the roll exit.
Predicted AGS Distribution
In Fig. 10 , the distributions of RX fraction and AGS obtained from numerical predictions are given. According to Fig. 10(a) , grain growth after recrystallization occurred in the center region for the S-D pass. As shown in Fig. 9 , the highest temperature in this region accelerates the recrystallization inducing grain growth subsequently. However, strain level was relatively small in the upper right hand corner resulting in less recrystallization with minimum RX fraction. So, in the result, the maximum grain size is likely in the same region.
According to Fig. 10(b) , AGS was minimum at the center for the R-O pass. On the other hand, it was maximum at the right region. This is because RX fraction was maximum at the center and minimum at the right region. In other words, recrystallization was accelerated by high temperature and strain distributions at the center region as shown in Fig. 9 . Therefore, AGS was the minimum in the center region. But the maximum AGS region was located at the right region in Fig. 10(b) because the lower level of strain values in this region decelerated the recrystallization according to the equation of t 0.5 in the static recrystallization microstructure model in Table 3 .
Comparison between Measurement and Prediction
Figuer 11 shows the comparison between the predicted local AGS values obtained from the numerical prediction. In this figure the average value of three experimentally measured AGS was used for comparison. This figure clearly demonstrates that the FE-based integrated approach was reasonable in reproducing the experimental data for both cases of S-D and R-O passes. However, at position number of 4 and 5 (These positions are in the region of grain growth according to Fig. 10.) for the S-D pass and 6 for the R-O pass, respectively, the difference between simulation and experimental results is rather big compared to other points. This might be due to either the kinetic model for grain growth or the thermal boundary condition of IHTC used in simulations for this case. In order to simulate the R-O pass the value of 24 000 W/m 2 K recommended by Kwon et al. 12) for the bar rolling of AISI1020 was used in the present study. As pointed out earlier in the heat transfer analysis, this value became three times higher for the S-D case. Therefore, further investigation might be necessary to reduce the discrepancy between experimental and simulation results.
Conclusions
In this paper, the local distribution of austenite grain size (AGS) was experimentally determined by conducting single round-oval (R-O) and square-diamond (S-D) pass rolling experiments for AISI4135 steel. The local distribution of AGS was also predicted numerically. In order to obtain the numerical prediction, the AGS evolution model experimentally determined was combined with FE results by adopting the modified additivity rule. The following conclusions were arrived at from the current study.
(1) The interface heat transfer coefficient (IHTC) values were determined to be 24 000 and 72 000 W/m 2 K for the R-O and S-D passes, respectively. By using such coefficients, numerically predicted AGS distribution was in good agreement with experimental results. This result shows that IHTC values highly depend on the roll groove geometry.
(2) Grain refinement and growth were highly dependent on the temperature. In the region of high temperature in rolling experiments, fast recrystallization rate was observed and grain growth occurred first in this region in the cross-section. (3) The comparison of local AGS distribution between the experiments and simulations shows that both results were in good agreement. It suggested that the combined analysis of AGS evolution model and FE analysis was valid for the prediction of AGS.
